Within the framework of the effective theory for ultrasoft field modes a problem of interacting an energetic color particle with ultrasoft fluctuations in hot gluon plasma is considered. The procedure of calculation of certain effective current generating the process of interaction is proposed, and the problem of its gauge independence is discussed. The application of the theory developed to the problem of energy losses of the energetic color particle propagating through hot QCD-medium is given. It is shown that the perturbation approach for calculation of energy losses breaks down at the ultrasoft momentum scale of plasma excitations.
Introduction
In this work we study the problem of scattering of energetic color particles (quarks, gluons or more generally -partons) off plasma fluctuations at the ultrasoft momentum scale (p 0 ∼ g 4 T, |p| ∼ g 2 T , where T is temperature of the system and g is the coupling constant)
in hot gluon plasma. The correct effective theory at the ultrasoft momentum scale is generated by the linearized Boltzmann-Langevin equation in the form first proposed by Bödeker [1] . Then this equation was obtained by a number of authors [2, 3, 4, 5] within the framework of different approaches. This transport equation includes the collision term for color relaxation and the Gaussian noise term that keeps the ultrasoft modes in thermal equilibrium.
The way for solving the problem stated is based on general ideas suggested in our previous work [6] dealing with the similar problem of scattering of high-energy particles off the plasma fluctuations at the soft momentum scale (p 0 ∼ gT, |p| ∼ gT ). Following the idea of the work [6] we supplement the Boltzmann-Langevin equation by the Wong equation [7] describing the precession of the classical color charge Q = (Q a ), a = 1, . . . , N 2 c − 1 of the energetic parton propagating through QCD-medium. The scattering process is generated by certain effective current. The calculation of this current is crucial step of the formalism under consideration. However in contrast to our previous work [6] the effective current here represents the expansion not in powers of the free gauge field A (0) µ (X) (that at this momentum scale is strongly damping by virtue of collisions), but in powers of the noise term ν(X, v) and also initial value of the color charge Q 0 of the energetic parton. We work to lowest order in the color charge Q 0 of the parton, but to all orders in the noise term, since the external parton is a truly perturbative object, whereas the thermal color fluctuations at the ultrasoft scale g 2 T are non-perturbative [8] . We apply the current approach to study of the energy losses of the energetic parton induced by scattering off the ultrasoft gluon fluctuations. We show that for weak gauge coupling this contribution to the total balance of the energy losses can be neglected, although here, there is some vagueness of the exact estimation of this type of energy loss.
This paper is organized as follows. In Section 2, the convention and notation used in this paper are summarized. In Section 3, the basic nonlinear integral equation for gauge potential is written out and the algorithm of the successive calculation of certain effective current generating the interaction process of the ultrasoft plasma fluctuations with the energetic color particle is proposed. In Section 4, we discuss the problem of gauge independence of matrix element for the simplest scattering process. In Section 5, the energy losses caused by the scattering off ultrasoft gluon fluctuations in lower orders in powers of the noise term is analyzed.
Initial equations
We use the metric g µν = diag(1, −1, −1, −1), choose units such that c = k B = 1 and note
At the space-time scale X ≫ (gT ) −1 the ultrasoft fluctuations of the gluon color density
Here, D µ = ∂ µ +igA µ (X) is the covariant derivative; [ , ] denotes the commutator; E(X) = E a (X)T a is the chromoelectric field and C[W ] is linearized collision term 2 defined by the
with the collision kernel
In the last expression δ
is the delta-function on the unit sphere,
within logarithmic accuracy and
is the damping rate for hard transverse gluon with velocity v. Furthermore the function ν(X, v) = ν a (X, v)T a is the noise term with the noise-noise correlation function
1 Here, we employ the parametrization [5] for deviation of the gluon density from the equilibrium
where N (|k|) is the Bose-Einstein distribution. More general expression for parametrization of off-equilibrium fluctuations is considered in Ref. [9] . 2 Hereafter the square brackets denote functional dependence.
The color current in the terms of the function W (X, v) is
Following Blaizot and Iancu [10] we present the function W (X, v) as the sum of two parts
where W ind (X, v) is the solution of Eq. (2.1) in the absence of the noise ν(X, v) 6) and W(X, v) is a fluctuating piece satisfying
Thus, W(X, v) is proportional to ν and in general also depends on the gauge field A µ (X). The color current (2.5) is decomposed as
where ζ µ (X) is the fluctuation current acting as the noise term in the Yang-Mills equation
Here, F µν = F a µν t a is the field strength tensor and ξ is the gauge parameter fixing a covariant gauge.
If there is a moving energetic color charged parton (quark or gluon) in the hot gluon plasma, then on the right-hand side of field equation (2.9) it is necessary to add appropriate color current j Qµ (X). One expects the world line of this parton to obey the classical trajectory in the manner of Wong [7] . In the leading order in the coupling constant the color current of the energetic color parton has the form [6] 
where
is the evolution operator taking into account the color precession along the parton trajectory,v is the velocity of the energetic parton and Q a 0 is initial value of its color charge.
Construction of effective current
Now we are in position to construct the effective theory of nonlinear interaction of the energetic color particle with ultrasoft gluon fluctuations in spirit of the work [6] . As was mentioned in Introduction, the main point here, is deriving certain effective current generating this process of nonlinear interaction. For this purpose, at first we represent the solutions W ind (x, v) and W(x, v) of dynamical equations (2.6), (2.7) as a formal expansion in powers of interaction field A µ (X). Rewriting the Yang-Mills equation (2.9) in the momentum space 3 and taking into account above-mentioned expansions, we obtain the basic nonlinear integral equation for the gauge potential A µ (p) at the ultrasoft momentum
where an expression for total current in representation of the interaction field reads
Note that in deriving Eq. (3.1) the part linear in A µ (p) of the induced current (that is, the one involving the polarization tensor Π µν (p)) has been extracted out from j (tot)a µ and included in the effective inverse propagator on the left-hand side of (3.1). Conversely, the tree-level 3-gluon and 4-gluon vertices which were originally presented on the left-hand side of Eq. (2.9) have been now reabsorbed into the induced current on the right-hand side of Eq. (3.1). Inverse gluon propagator on the left-hand side of Eq. (3.1) is defined by
The explicit form of the Lorentz matrices P µν , Q µν and D µν is given in Appendix. The symbols v| and |v ′ in the definition of Π µν (p) possess the following properties
We add the current of the hard color charged parton (2.10) to the right-hand side of Eq. (2.9).
and satisfy the "completeness relation"
In the works [12, 13] explicit analytical expressions for functions Π t (p) and Π l (p) in the terms of the continued fractions are given.
The induced color current on the right-hand side of Eq. (3.2) by virtue of the Boltzmann equation (2.6) is expressed as
In the last expression the coefficient functions * Γ aa 1 ...as µµ 1 ...µs are one-particle-irreducible amplitudes for the ultrasoft fields in the thermal equilibrium or more concisely -ultrasoft amplitudes (USA) introduced by Blaizot and Iancu [11] . USA represent the generalization of usual HTL-amplitudes [14] by including the effects of the collisions among the thermal particles, in this case among the hard transverse gluons.
Furthermore the classical parton current j a Qµ is given by expression [6] 
is the initial current of the energetic parton, and
Finally, the fluctuation current ζ a µ functionally depending on both the gauge field and the noise term (by virtue of equation for fluctuating piece (2.7)) has a following structure
Here,
is the fluctuation color current generated only by Langevin source on the right-hand side of the Boltzmann equation (2.1) and
The next step is a derivation of a formal solution of basic field equation (3.1) by the approximation scheme method. Discarding the nonlinear terms in A µ and product A µ ν on the right-hand side of Eq. (3.1), we obtain in the first approximation * D −1
9). The general solution of this equation is
Here, A (0)a µ (p) is a solution of homogeneous equation (3.1) (free field), and the last term on the right-hand side represents the field induced by a high-energy color particle in medium and the noise term. From the physical point of view it is evident that at the ultrasoft momentum scale, where the effects of the collisions among the hard thermal particles are essential, free plasma waves in the system are to be absent. In other words, the dispersion equation det(
µν (p)) = 0 with inverse propagator (3.3) at the ultrasoft momentum scale defines a very significant damping rate of plasma waves preventing their existence and therefore one can set A We can write out a more general structure of the interacting gauge field as follows: 11) where the total effective current 4 is
Here, the terms J 
For this purpose we need the relations
following from general formula (3.11).
According to the general approach to computation of effective currents [6, 16] the expression for the first correction J (1)a Qµ in the leading order in the coupling constant (i.e. a linear part over color charge Q 0 ) is defined by the following expression:
. By using explicit expressions for the currents j ind(2)a µ , j
(1)a Qµ and ζ (1)a µ (Eqs. (3.5), (3.7) and (3.10)) and relations (3.13), after simple calculations we arrive at the expression for the desired current correction
14) where α s = g 2 /4π, and
The effective current will be designated by capital letter J a µ .
Remind that the three-gluon vertex * Γ µµ 1 µ 2 on the right-hand side of Eq. (3.15) is ultrasoft amplitude. Its explicit form is defined in Ref. [13] . The diagrammatic interpretation of different terms on the right-hand side of Eq. (3.15) is presented in Fig. 1 . We note also that the first two terms on the right-hand side of Eq. (3.15) can be presented in a more compact form 16) where the function
was introduced in work [6] . This function defines a matrix element of the nonlinear damping process of soft plasma excitations. In the next section we consider the convolution
is the longitudinal projector in the covariant gauge (see Appendix). Such a convolution appears in the problem of the energy losses (Section 5). We prove that this convolution is gauge-invariant at least in the classes of temporal and covariant gauges in a weak sense, in spirit of Bödeker [1] .
The general expression for a current correction of second order over ν in linear approximation over the color charge Q 0 has the following form:
(3.18)
We will not to write out an explicit expression for function
by virtue of its excessive awkwardness. On the right-hand side of Eq. (3.17) we insert a term with ≪ νν ≫ to maintain stochasticity of the gauge field (3.11) (condition ≪ A µ ≫= 0).
In closing this section we give also an expression for current J expression for the total current (3.2) and taking into account (3.13) we obtain
a 1 a 2 dp 1 dp
The diagrammatic interpretation of different contributions determining the process of nonlinear self-interaction is presented on Fig. 2 . 
Gauge invariance ofū
By using an explicit expression (3.15) for the function R µ (p, p ′ ;v, v ′ ) and the effective Ward identity for the ultrasoft three-gluon amplitude [11, 13] , we can represent the convolutionū µ R µ in the following form
In deriving (4.1) we consider thatv · (p − p ′ ) = 0 by virtue of δ-function in integrand of Eq. (3.14). Below we will show that on the right-hand side of Eq. (4.1) all terms proportional to ω either equal to zero or mutually cancel out.
In projector
in convolution withv λ ′ the last term vanishes by virtue of the above-mentioned constrainť v · (p − p ′ ) = 0, and contribution of δ λ ′ ν cancels with the second term on the right-hand side of Eq. (4.1).
Furthermore
which is true by virtue of the property:
Taking into account the above-mentioned relation for the last term in Eq. (4.1) after replacement v 1 → v, we can present this term as follows:
that exactly cancels out with the first term from a projector
Thus on the right-hand side of Eq. (4.1), besides a first term p 2 R 0 different from zero, the following term is left
Here, on the right-hand side we take into account relation (4.2). Thus this term is independent of unit vector v ′ . The consequence of this important property will be the fact that in the expression for current J
Furthermore in subsequent discussion we will follow reasoning of Bödeker [1] .
In the expression for the energy losses of energetic color parton (Eq. (5.1)) the noise ν b (p ′ , v ′ ) enters only in the form of the 2-point function: ≪ νν ≫. However the correlation function of ν a (p, v) and
due to (2.4) and (4.3). Thus we can set
, where the symbol 'w' denotes equality in a weak sense, so that the term (4.4) can be set equal to zero in a weak sense.
Taking into account the above-mentioned, we can write the convolution (4.1) in the formū
Furthermore we consider the convolutionū µ R µ in the temporal gauge. For this purpose we perform replacements (see Appendix)
, where ξ 0 is a gauge parameter fixing the temporal gauge. Then after analogous computations we come to the expressioñ
All the terms on the right-hand side of Eq. (4.6) (as well as Eq. (4.5)) including gauge parameter vanish. Thus as follows from equalities (4.5) and (4.6), at least in the classes of the temporal and covariant gauges the functionū µ R µ is gauge-invariant in a weak sense.
Energy losses of energetic parton induced by scattering off ultrasoft gluon fluctuations
As an application of the formalism developed in previous sections we consider the problem of calculation of the energy losses of the energetic parton induced by scattering process off ultrasoft boson excitations of the medium. As initial expression for the energy loss a classical expression for parton energy loss per unit length (Eq. (7.1) in [6] ) with replacement of the expectation value < · > over statistical ensemble by averaging ≪ · ≫ over the random white noise) is used
Here, the color integration is
where C 2 is the second order Casimir (C 2 = C A for energetic gluon and C 2 = C F for energetic quark). In the last line of Eq.
is the effective color current of hard parton and * Dµν (p) is a gluon propagator (in the temporal gauge) at the ultrasoft momentum scale * Dij (p) = p
First of all, we write out the expression for the energy loss connected with initial current J (0)a
Substituting this current into (5.1), taking into account the structure of propagator (5.2) and rules
we obtain
3) This expression defines the polarization losses of energetic parton connected with large distance collisions [17] . However unlike [17] here integrand (and in particular scalar prop-
) is defined at the ultrasoft momentum scale.
Now we define the expression for the energy losses produced by the following term in the expansion of the effective current: (3.14) , (3.15) ). For this purpose we substitute the current (3.14) into general expression for the energy losses (5.1). For the sake of simplification we keep only a longitudinal part in propagator
Integrating over initial color charge, averaging with respect to the noise term and taking into account weak equality (4.6), we obtain the following (after (5.3)) contribution to the energy loss of the energetic parton
N c dp dp
Here, the function R 0 (p, p ′ ;v, v ′ ) is defined by Eq. (3.15), and C(v, v ′ ) is a collision kernel defined by Eq. (2.3) . The contribution to the energy loss (5.5) of the term (3.16) can be presented in the following form:
where the imaginary part of the retarded polarization tensor is [10] ImΠ (R)
Furthermore, if in propagators * Dνν ′ (p ′ ) and * Dλλ ′ N c dp dp
We note that the imaginary part of the polarization tensor in Eq. (5.6) appears in the combination
This function is the simplest example of (2-point) function of a new set of n-point amplitudes (additional to the ultrasoft amplitudes * Γ a 1 ...an µ 1 ...µn ) proposed by Guerin [15, 18] needed to fulfill the Kubo-Martin-Schwinger constraints. The existence of these amplitudes is related to the presence of the damping caused by the collision operatorĈ.
Unfortunately the third term on the right-hand side of Eq. (3.15) generated by the fluctuation current ζ µ gives no possibility to write out a complete expression for the energy loss (−dE (1) /dx) ul.soft in a simpler and clear form similar to equation (5.7). In general case we can proceed as follows. We expand the collision kernel (2.3) in spherical harmonics (normalized by unit) In deriving (5.12) we consider that the function R µ (p, p ′ , p ′′ ;v, v ′ , v ′′ ) satisfies relation similar to (4.6) . Note that if we introduce a new functions virtue of the last circumstance perturbation approach for calculation of the energy losses breaks down at the ultrasoft momentum scale. The complete calculation of the energy losses (dE/dx) ul.soft turns out to be non-perturbative and thus it requires an all-order resummation that cannot be performed via the methods developed here.
